A novel strategy for synthesizing an antistatic epoxy composite was carried out. Pre-embedded antistatic melamine foam was first synthesized and then used to prepare an antistatic epoxy composite. Azidized . The prepared antistatic foam at different compression ratios was immersed in epoxy resin, which was then cured. When the compression ratio reached 40%, the surface resistivity and volume resistivity, respectively, reached 1.05 Â 10 8 U sq À1 and 3.5 Â 10 8 U cm, thereby achieving an antistatic effect.
Introduction
Because of its excellent properties, epoxy resin has very important roles in aerospace, electronics, electrical appliances, and building materials. However, it is insulated, so the surface can easily accumulate static charge. This generated static charge does serious harm to industrial production and personal safety, and even cause explosions. Therefore, anti-static modication of epoxy resin is becoming a signicant research direction.
The main methods of antistatic modication for polymer materials are formation of an electronically conductive layer on the surface of a matrix (which is easily damaged or peeled off under external action, thereby affecting the stability of electrical conductivity) and addition of electrically conductive materials into the polymer matrix to form an "antistatic network".
1,2 The antistatic properties of the materials prepared by the latter method are stable, but the structure of the antistatic network is difficult to control.
In the present study, an antistatic epoxy composite with multi-walled carbon nanotube (MWCNT)-functionalized melamine foam as antistatic structure was synthesized. First, preembedded antistatic melamine foam was prepared, which was then used to prepare an antistatic epoxy composite. Melamine foam as a new type of polymer foam has received extensive attention due to its relatively low density, 3 sound absorption, 4 re retardance 5 and high thermal stability. 6, 7 However, in the eld of antistatic applications, the high expansion ratio of insulator melamine foam 8 makes it difficult for an antistatic agent to form an antistatic network at low lling content, which is a high cost factor. As permanent antistatic llers, MWCNTs are good choices for use in a melamine resin matrix due to their high aspect ratio. [9] [10] [11] However, because of the inertia of MWCNT surfaces, MWCNTs agglomerate readily, which affects their uniform dispersion in the polymer matrix.
12,13 Therefore, solving the problem of the dispersion of MWCNTs in polymer nanocomposites is important.
The most promising method to modify the surface of MWCNTs is surface chemical functionalization. 14, 15 Aer an agent with a similar polar or chemical structure to the target matrix is graed onto MWCNTs, a compatible interface which could gra to another organism or improve the dispersion of MWCNTs in the nanocomposite is formed, which will enable the antistatic polymer nanocomposite to achieve percolation with lower MWCNT content. Traditionally, carbon nanotubes are modied with acids, but this leads to a reduction of the length of MWCNTs and more structural defects in the acidied MWCNTs. 16, 17 However, a method for direct functional modi-cation of the sidewalls of carbon nanotubes using compounds with excess electrons, such as nitrene and carbene, can not only avoid carbon nanotubes from being cut off when carbon nanotubes are subjected to strong-acid treatment, but also simplify the step of treating the surface of the MWCNTs. our work, MWCNTs were modied using this method. Thermal decomposition of azide groups can produce nitrene structures, so azide polyacrylic acid was selected as the surfacemodication agent of MWCNTs. Then, melamine was covalently bonded to the MWCNTs using the carboxyl groups in azide polyacrylic acid. Subsequently, paraformaldehyde and melamine were added to the reaction system to react, and the melamine-formaldehyde prepolymer was obtained. Aer the foaming agent and curing agent were added and mixed homogeneously, the MWCNTs/melamine foam nanocomposite was obtained by microwave foaming. The antistatic melamine foam nanocomposite percolated if the lling amount of MWCNTs was 2.4 kg m À3 . Finally, the prepared antistatic foam at different compression ratios was immersed in epoxy resin before the latter was cured. When the compression ratio reached 40%, the antistatic effect was achieved.
Experimental

Materials
MWCNTs (purity $ 95%; diameter 10-20 nm; length 0.5-500 mm) were provided from Shenzhen Nanotech. 
Synthesize polyacryloyl chloride
Polyacryloyl chloride was prepared by free-radical polymerization. First, 50 mg of AIBN was added to 1,4-dioxane and the solution magnetically stirred at room temperature for 10 min. The 1,4-dioxane solution of AIBN prepared above and acryloyl chloride were then injected separately into a vacuum polymerization bottle, and a mixed homogeneous solution was obtained by magnetic stirring at room temperature for 10 min. Then, the solution was allowed to react at 60 C for 24 h. The product was collected and dried under vacuum. 20 
Synthesis of APAA
Polyacryloyl chloride (1 g) was dissolved in acetone (10 ml) and magnetically stirred in an ice bath. During stirring, 10% sodium azide solution (8 ml) was prepared and added dropwise gradually to an acetone solution of polyacryloyl chloride. Aer 4 h, APAA was obtained.
Synthesis of APAA-MWCNTs
First, 1 g of APAA was dissolved in 10 ml of DMAC. Then, 100 mg of MWCNTs were dispersed homogeneously in 50 ml of NDMAC. Then, a DMAC solution of APAA was added dropwise to the MWCNTs suspension and stirred for 2 h at 160 C.
Finally, the resulting sample was respectively washed thrice with acetone and deionized water and dried under vacuum. immediately into a mold made by the polypropylene-containing melamine foam/MA-APAA-MWCNTs nanocomposite, which was at a certain compression ratio. The mold was then transferred to the oven under reduced pressure for 5 min to remove entrapped air bubbles. Finally, the epoxy resin was cured in an air-blast oven at a schedule of 70 C/1.5 h + 150 C/2.5 h.
22
Subsequently, the epoxy resin/melamine foam/MA-APAAMWCNTs composite was prepared.
Characterization
Raman spectroscopy (wavelength 532 nm) using a HR800 system (JY) was used to test the surface structure of MWCNTs. Fourier-transform infrared spectrometry (FT-IR; 670; NicoletNexus) was carried out using pellet samples with KBr. Energy dispersive spectrometry (EDS) was conducted using a scanning electron microscope. (S4700; Hitachi). Differential scanning calorimetry (DSC) was done to understand the thermal behavior between MWCNTs and POM (the standard samples used in DSC were indium and zinc, and the uncertainties of the temperature and DH were, respectively, AE0.5 C and AE0.1 J g À1 ). Highresolution transmission electron microscopy (HR-TEM) using an electron microscope (JEM-3010; JEOL) and scanning electron microscopy (SEM) using a S4700 system (Hitachi) were used to observe sample morphology. Surface resistivity was measured by a four-point probe method using a four-probe meter (ST2258A; Suzhou Jingge Electronics). Measurements of volume resistivity were taken using a digital high resistance meter (6517A; Keithley).
3 Results and discussion
Preparation of APAA-MWCNTs
Infrared spectroscopy is an effective method to characterize a change of functional groups before or aer MWCNTs graing. The FT-IR spectrum for azide polyacrylic acid is shown in Fig. 2a ; there were obvious absorption peaks at wavenumbers of 1716 cm À1 and 2140 cm
À1
, which is the characteristic stretching The EDS spectra are shown in Fig. 3 . Aer azide polyacrylic acid had been graed onto MWCNTs, the EDS spectrum (Fig. 3b) showed that the nitrogen element at 0.39 keV was present and its content was 7.65 wt%. The oxygen element content at 0.53 keV was improved, which was caused by the carboxyl groups of the azide polyacrylic acid. TGA revealed that pristine MWCNTs had no weight loss until 800 C in nitrogen. However, the weight of APAA-MWCNTs (Fig. 6b ) remained at 55 wt% at 800 C. The 45 wt% weight loss arose from azidized polyacrylic acid being graed onto MWCNTs. Fig. 4 shows the surface morphology of pristine MWCNTs (a) and APAA-MWCNTs (b), respectively. Compared with the original MWCNTs, the surface of MWNCTs graed with azide polyacrylic acid was wrapped around a layer of material; this was evidence that azidized polyacrylic acid had been graed onto MWCNTs.
To verify the low loss of modied MWCNTs (the side walls of which were directly covalently functionalized by azidized polyacrylic acid), Raman spectroscopy of pristine MWCNTs (a), APAA-MWCNTs (b) and acid-treated MWCNTs (c) are presented in Fig. 5 . The intensity ratio of the D over the G peak (I D /I G ) of the original MWCNTs was 0.85. Aer the original MWCNTs had been modied by azide polyacrylic acid, the I D /I G of the APAAMWCNTs increased to 0.91, which was due to the cyclicaddition reaction of the MWCNTs and the nitrile structure. In addition, the I D /I G of the acidied MWCNTs was higher than that of the original MWCNTs and APAA-MWCNTs. This was because, aer oxidation of the mixed acid, the carbon structure of the MWCNTs changed so that the surface of MWCNTs had multiple defects. Hence, the MWCNTs covalently functionalized by azide polyacrylic acid were less damaged. showed the nitrogen element content increased more than twofold, which was mainly because the melamine (in which the content of nitrogen element was z72.7 wt%) was graed onto MWCNTs. In Raman spectra, the G-band of MA-APAA-MWCNTs (Fig. 5d) had a blue shi relative to that of APAA-MWCNTs (Fig. 5c) , which was evidence that melamine had been graed onto MWCNTs. TGA curves could be used to estimate the weight ratio of the graed organic material on MWCNTs. The weight of APAAMWCNTs (Fig. 6b) , MA-APAA-MWCNTs (Fig. 6c) and melamine (Fig. 6d) , respectively, remained at 45 wt%, 36 wt% and 3 wt% at 800 C. The weight fraction of melamine graed onto the MWCNTs in the nanocomposite could be estimated using the equation:
Preparation of MA-APAA-MWCNTs
where A%, B%, and C% were the weight loss percent of APAAMWCNTs, MA-APAA-MWCNTs, and melamine at 800 C, respectively, and X denotes the weight fraction of melamine graed onto MWCNTs. The amount of melamine graed was z21 wt%. -CH 2 -(1460 cm À1 ) were observed (Fig. 2d) . This suggested that MA-APAA-MWCNTs were involved in the formation of melamine resin by the reaction with POM. (Fig. 8) . As shown in Fig. 8b , compared with the skeleton of melamine foam without addition of MWCNTs (Fig. 8a) , defects on the skeleton of melamine foam/MA-APAA-MWCNTs were greatly reduced. In Fig. 8c and e, the pristine MWCNTs in the melamine foam matrix are not uniformly dispersed and agglomerate, whereas the MA-APAA-MWCNTs have good dispersion (Fig. 8d and f) . In addition, more details could be observed from highermagnication images. At the fracture surface of the melamine foam/pristine MWCNTs composite (Fig. 8g) , most of the MWCNTs were "pulled" out in the cell walls, which was caused by the interface interaction between MWCNTs and the matrix being poor. However, the MA-APAA-MWCNTs were found to be broken, embedded and tightly held to the matrix (Fig. 8h) . It was reasonable to deduce that aer MWCNTs had been graed with melamine, MWCNTs utilized the surface functional groups to participate in polymerization, which improved the affinity between MWCNTs and the matrix.
Properties of melamine foam/MA-APAA-MWCNTs nanocomposite
In Fig. 9 , the surface resistivity decreased steadily with increasing loadings of pristine MWCNTs and MA-APAAMWCNTs. In particular, because MWCNTs graed with melamine and melamine resin have good compatibility, MA-APAAMWCNTs reduced surface resistivity considerably. When the lling amount of MWCNTs was 2.4 kg m À3 , melamine foam/ MA-APAA-MWCNTs appeared to percolate to achieve an antistatic effect. In addition, the density of the antistatic melamine foam synthesized above was only 10.4 kg m À3 .
Properties of epoxy resin/melamine foam/MA-APAAMWCNTs composite
The melamine foam/MA-APAA-MWCNTs nanocomposite, whose lling amount of MWCNTs was 2.4 kg m À3 , was used to explore the relationship between the surface resistivity and volume resistivity of epoxy resin/melamine foam/MA-APAAMWCNTs composite and compression ratio of melamine foam/MA-APAA-MWCNTs nanocomposite. Fig. 10 shows that the surface resistivity and volume resistivity of the prepared epoxy composite decreased gradually as the compression ratio of the antistatic foam increased. When the compression ratio reached 40%, the epoxy resin/melamine foam/MA-APAAMWCNTs composite appeared to percolate and the surface resistivity and volume resistivity, respectively, reached 1.05 Â 10 8 U sq À1 and 3.5 Â 10 8 U cm, so an antistatic effect was achieved.
Conclusions
We described a new method of preparing an antistatic epoxy composite. A method for direct functional modication of the sidewalls of MWCNTs using azide polyacrylic acid was utilized to avoid MWCNTs from being cut off, and melamine was then covalently bonded to the MWCNTs. The MWCNTs utilized surface functional groups to participate in the preparation of melamine foam, which improved the compatibility of the MWCNTs with the matrix. As a result, the surface resistivity of melamine foam matrix nanocomposite reached 3.6 Â 10 8 U sq À1 when the loading of MWCNTs was 2.4 kg m À3 . Aer that, the antistatic foam, the density of which was only 10.4 kg m À3 , was immersed in the epoxy resin before the epoxy resin was cured. An epoxy composite having antistatic properties was obtained by controlling the compression ratio of the antistatic foam during curing. When the compression ratio reached 40%, the surface resistivity and volume resistivity, respectively, reached 1.05 Â 10 8 U sq À1 and 3.5 Â 10 8 U cm, which indicated that an antistatic effect had been achieved.
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